Crystallographic superstructures in the deuterides CeCuSiD 1.64(5) Ge] tetrahedral sites available in the hexagonal ZrBeSi-related structure of these deuterides. A partial but ordered occupancy of these tetrahedra by D atoms induces the occurrence of superstructures along the c axis, and the CeCuXD y structures can be described with a c parameter multiplied by 3 and 7 for X = Ge and Si, respectively, in comparison with the c parameters of the ZrBeSi-type subcells.
Introduction
Hydrogenation of cerium-based intermetallics has attracted much interest in recent years, because it was found to be an easy way to modify the physical properties of these compounds. For example, the formation of the hydrides CeNiSnH 1.0 [1, 2] and CeRhSbH 0.2 [3] leads to a transition from Kondo semiconductivity to antiferromagnetism.
A strong correlation between the hydrogen insertion sites and the influence on the competition between the RKKY (Ruddermann, Kittel, Kasuya, Yosida) interactions and the Kondo effect has been observed in the CeTX (T = Mn, Co or Ni, X = p element) series. Hydrogen atoms located in the [Ce 3 Ni] sites available in the structures derived from the AlB 2 -type favor the localization of electrons on cerium and the occurrence of magnetic ordering [4, 5] . By contrast, hydrogen insertion into the [Ce 3 ] planes available in the LaPtSi-type structure of CeNiSi [6] or into the [Ce 4 ] tetrahedra present in the CeFeSi-type structure of CeCoX or CeMnX [7] favors the Kondo effect. These observations confirm the necessity to determine accurately the position of the hydrogen atoms in the metallic lattice in 0932-0776 / 07 / 0700-0922 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com order to understand the physical properties of the hydrides.
Recently, investigation of CeCuX hydrides (X = Ga, Si, Ge, Sn) by TEM diffraction experiments highlighted the occurrence of superstructures along the c axis of the hexagonal AlB 2 -or ZrBeSi-type parent structures [8] . According to X-ray diffraction, both CeCuSiH 1.3(1) and CeCuGeH 1.0(1) crystallize in the ZrBeSi-type structure (space group P6 3 /mmc, No. 194). Nevertheless, electron diffraction showed that the c parameters have to be multiplied by 5 and 3, respectively [9, 10] , to describe more precisely the structure of these two hydrides. In order to solve these superstructures, CeCuSi and CeCuGe have been deuterated and neutron diffraction experiments were performed. The aim of this paper is to present the results of the structure determination of these two intermetallics and their deuterides.
Results and Discussion

CeCuGe and CeCuGeD x
The neutron diffraction pattern of CeCuGe is shown in Fig. 1(a) . In agreement with previous results [10, 11] , this pattern can be indexed on the basis of a hexagonal ZrBeSi-type structure with cell parameters a = 4.2911(2) and c = 7.8893(4)Å. The results of the Rietveld refinement are given in Table 1 . It is worth pointing out that the limited resolution of the detector (step = 0.2 • in 2θ ) as well as the presence of an impurity phase (not detected by electron microprobe analysis but highlighted by an arrow in Fig. 1 at 2θ = 28.2 • ) do not allow a fine refinement of the profile and are the reasons for the large values of some reliability factors (e. g. χ 2 ). This remark is also valid for the three other refinements.
The extinction conditions P-c on the TEM diffraction patterns of CeCuGeH 1.0(1) are compatible with space groups P6 3 /mmc, P6 3 mc, or P62c, with a c parameter multiplied by 3 in comparison with the ZrBeSi-type structure [8] . Considering the space group P6 3 /mmc and the cell parameters a = 4.2290(2) and c = 24.815(2)Å, it was possible to index all the peaks of the neutron diffraction pattern ( Fig. 1(b) ) of CeCuGeD x . Then, the metal atoms could be placed in the structure according to X-ray results [10] and the deuterium atoms localized using difference Fourier maps analysis. Two different 4f (1/3, 2/3, z) sites have been found to be occupied by deuterium atoms: one corresponding to a [Ce 3 Cu] tetrahedral site and another one, more surprisingly, corresponding to a [Ce 3 Ge] tetrahedron. In both cases, and as expected according to the higher affinity of Ce as compared to Cu for D, the D atoms are located close to the [Ce 3 ] base of the tetrahedra.
The results of the Rietveld refinement are given in Table 1 . A presentation of the structure and its projection onto the (110) plane are shown in Fig. 2 . The structure can be described as a stacking of [Ce 6 ] trigonal prisms with Cu and Ge atoms distributed in an ordered way at their centres. Notably, the refinement of the z coordinates of Cu and Ge in the 4f sites indicates a very small shift of these atoms away from the center of the [Ce 6 ] prisms (z = 0.0910(4) instead of 0.0833 for Cu, i. e. a 0.20Å shift, and z = 0.5809(5) instead of 0.5833 for Ge, i. e. a 0.06Å shift). The deuterium atoms are located in the smaller tetrahedra formed by these displaced Cu or Ge atoms and three Ce atoms. The slightly larger [Ce 3 Cu] or [Ce 3 Ge] sites formed by these displaced atoms, or those formed by nondisplaced Cu (2d) and Ge (2c) atoms do not contain [6] ). The Cu-D distance (1.76Å) agrees with a metallic radius of Cu of 1.278Å [13] and a D radius of about 0.4Å.
Deuterium atom D2 located in [Ce 3 Ge] has a slightly longer Ce-D distance (2.458Å). The Ge-D distance of 1.725Å is smaller than the Si-D distance observed in CeNiSiD 1.2 [6] or the Sn-D distance observed in CeCuSnD 0.33 [12] , but is compatible with an atomic radius of Ge of 1.25Å. Relatively short D-D distances (2.506Å) are calculated between these D2 atoms, but are still larger than the Shoemaker criterion [14] .
The refined occupation rates of the 4f sites by D1 and D2 which are equal to 0.85(2) and 0.87(2), respectively, lead to the composition CeCuGeD 1.15 (5) which is in good agreement, taking into account the accuracy of both methods, with the experimental formula CeCuGeH 1.0(1) determined by Sievert's method. Fig. 3 presents the neutron diffraction patterns and the results of the Rietveld refinement for CeCuSi and its deuteride.
CeCuSi and CeCuSiD x
In agreement with previously reported results [9, 15, 16] , the CeCuSi phase can be indexed in the hexagonal ZrBeSi-type structure with a = 4.2194 (2) and c = 7.9548(4)Å. A second minor phase has been identified as a disordered version of CeCuSi crystallizing in the hexagonal AlB 2 -type structure (space group P6/mmm, no. 191, random distribution of Cu and Si on the 2d site) with cell parameters a = 4.1080(4) and c = 4.1887(7)Å. The refined parameters for this phase are included in the total number of refined parameters of Table 3 . As this last AlB 2 -type phase absorbs deuterium, the cell parameters are finally changed to a = 4.1123 (5) and c = 4.2295(9)Å (Fig. 3(b) ). It is almost impossible to get more reliable information about this deuteride because most reflections show superposition with those of the major ZrBeSi-derived phase.
Considering the major ordered phase and according to TEM diffraction experiments, space groups P6 3 /mmc, P6 3 mc or P62c, with a c parameter multiplied by 5 in comparison with the ZrBeSi-type structure, can be expected [8] . Fig. 4 presents a zoomed area of the experimental neutron diffraction pattern (black line and symbols) from 25 • to 28 • , as well as 3 fitsusing the Debye method -with different values of the c parameter. A peak occurring at 26.84 • is expected from a single ZrBeSi-type phase and is well fitted by all three profiles using c = k × c X−ray with k = 1, 5 or 7. A superstructure peak occurs at 26.04 • , which is not calculated for c = c X−ray (dashed line). According to TEM measurements, c = 5× c X−ray is expected, but the fitting of the neutron data (dashed-dotted line) shows a smaller 2θ position for the superstructure peak compared with the experimental one. Finally, a structure with space group P6 3 /mmc and a c parameter multiplied by 7 must be considered (dotted line). The reason for this anomaly is given later. D atoms have been localized in the cell by the difference Fourier method. As for CeCuGeD 1.15(5) , two types of tetrahedral sites, namely [Ce 3 Cu] and [Ce 3 Si], are occupied (Fig. 5) .
The atomic positions obtained by Rietveld refinement are given in Table 3 and the resulting pattern is shown in Fig. 3(b) . Small displacements along the c axis of Cu or Si atoms from the center of the [Ce 6 ] trigonal prisms are observed: 0.05 -0.06Å for Cu2, Cu3 and Si2, 0.13Å for Si3, 0.17Å for Cu4, and 0.28Å for Si4. These displacements create two tetrahedral sites in each prism with slightly different sizes. Deuterium atoms are found to be systematically located in the smaller ones. In the case of Cu1 and Si1, located in the center of the [Ce 6 ] trigonal prisms, two equivalent tetrahedral sites are available and are both occupied by D atoms. As seen in Fig. 5 , the maximum of available 4f sites are occupied by D atoms with such a distribution. All other empty tetrahedral sites are sharing a common face with one occupied site and cannot be filled with a D atom according to the ShoemakerWestlake rules [14, 17] . According to the occupation rate of the 4f sites by deuterium, a composition CeCuSiD 1.64 (5) is obtained for this deuteride. The amount of deuterium per formula unit is higher than the amount of hydrogen determined experimentally (i. e. CeCuSiH 1.35(10) ). This can be explained by isotopic effects or by slightly different experimental procedures (longer deuteration time). This difference in stoichiometry is probably responsible for the difference of the superstructure translation along the c axis observed between TEM and neutron diffraction. Table 4 summarizes the distances between each deuterium and the Ce, Cu or Si atoms surrounding it, as well as its distance from the [Ce 3 ] planes. The distances found for D2, D3, D4, D5 are in good agreement with those in CeCuGeD 1.15(5) and in previous work [6, 12] . In the case of D6 and D7, the distances of 1.48 and 1.40Å to Si3 and Si4, respectively, are much shorter than those reported in CeNiSiD 1.2(1) [6] , but are in the order of magnitude of bond lengths in transition metal silanes (1.48Å) [18] . Si-D distances of these two sites are close to a covalent bond length. More surprising is the very short distance between D1 and Cu4 (1.28(1)Å). To the best of our knowledge, such a short Cu-D distance has not been reported so far. The smallest distance found in the literature is 1.55Å in (H-CuPH 3 ) 2 complexes [19] . Three hypotheses can be raised to explain this short distance: (i) this Cu atom is in an ionic state (+I or +II) and a strong interaction exists with the D atom; (ii) the 4f site of D1 is only halffilled and the refined positions of D1 and Cu4 are mean values of the positions over the cell, this small distance thus being an average value of a long (filled 4 f D )-Cu and a short (empty 4 f D )-Cu distance; (iii) the distance of D1 from the [Ce 3 ] plane is much longer than the other ones, making a mistake in the refinement of its z coordinate possible.
Conclusion
The crystal structures of CeCuGeD 1.15(5) and CeCuSiD 1.64 (5) have been determined by neutron diffraction. In both cases, an ordered occupation of the available tetrahedral sites [Ce 3 Cu] and [Ce 3 X] (X = Si or Ge) by deuterium atoms in the hexagonal ZrBeSitype structure induces the occurrence of a superstructure along the c axis and c deuteride = k × c ZrBeSi with k = 3 for CeCuGeD 1.15(5) , k = 5 for CeCuSiH 1.35(10) , and k = 7 for CeCuSiD 1.64 (5) . Due to the odd values of k, the two deuterides crystallize in space groups P6 3 /mmc which are isomorphic subgroups of index 3 and 7 of P6 3 /mmc. Such superstructures induced by a partial but ordered occupancy of available sites have already been reported, for example in the TiMn 1.5 hydride [20] and in the hcp cobalt deuterides at low temperature [21] .
With TEM diffraction on CeCuSnH 0.2(1) showing a similar behavior, it will be interesting to reinvestigate the corresponding deuteride structure by neutron diffraction.
Energy levels will have to be calculated in order to understand why the hydrogen atoms in CeCuX (X = Si, Ge, Sn) are ordered at r. t. while they are randomly distributed in the corresponding CeNiX phases.
Experimental Section
The ternary intermetallics CeCuSi and CeCuGe were synthesized by arc-melting of stoichiometric mixtures of the pure elements (purity above 99.8 %) in a high-purity argon atmosphere. The samples were turned and remelted several times to ensure homogeneity. Then, annealing was performed at 1073 K for 2 weeks by sealing the samples in evacuated quartz tubes.
Samples were deuterated at 473 K and p(D 2 ) = 2 MPa for 48 h, after an activation of the samples at the same temperature under vacuum.
Neutron powder diffraction was performed on the D1-B diffractometer at the Institut Laue Langevin (Grenoble, France). The patterns were measured on powder samples at r. t. (298 K) with a neutron wavelength of 1.28Å. The data were analyzed with the Rietveld profile method using the FULLPROF program [22] . Difference Fourier calculations were carried out with the GFOURIER program available as part of the FULLPROF suite.
